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ABSTRACT 
We have looked for the f = 0' nuelear excitation of 2nB8 i n  
muonic at- as suggested by Henley and Wilets. 2n6' was chosen 
because the energy of the 0+ excitation is close t o  the energy diff- 
erence of the 2s-1s mu-atomic levels thus allowing a dynamic inter- 
action between a muon i n  a 2s s ta te  and the nucleus i n  the ground 
state. We find that  the 28-18 level difference is 20 keV less than 
the nuclear excitation energy and, as a result, the dynamic inter- 
action is too small for us t o  observe. IJe metmure the ~ n ~ ~ - ~ n ~ ~  
isotope s h i n  t o  be 6R/6Rstd = 0.47 k 0.11. 
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1. IMmODUCTPON 
The purpose of our measurement was t o  look for  a Rvnwc 
interaction between a muon i n  a 2s atomic s t a t e  and a nucleus i n  a 
+ 
0 excited state. The measurement was suggested by Henley and Ill lets 
a mears for  inves%fga%ing t h e  nuclear Coulomb-monopole-transition 
matrix element.' They suggested ~n~~ for  a target because the muonic 
+ 2s-1s energy difference i s  close t o  the excitation energy of the 0 
nuclear level  i n  ~n~~ and they predicted tha t  the 0' excitation could 
be observed by looking for  an additional sp l i t t ing  i n  the  2s+2p muonic 
transition. The effect of the interaction i s  shown i n  Fig. 1 i n  
which the  muonic energy levels and transitions without a nuclear in- 
teraction are shown by sol id l ines.  The nuclear interaction causes 
a sp l i t t ing  of the 2s level  and the dashed l ines indicate the new 
transitions which are introduced. The effect of the interaction can 
be measured by observing both the energy and relat ive in tens i t ies  of 
the 2s+2p transitions. We have looked for  the 2s+2p x ray, and we 
have measured the -1s transi t ion energy i n  order t o  estimate the 
muonic 2s-1s energy difference. 
We have also measured the 2pls x-ray energv i n  ~n~~ which 
allows us t o  report the isotope shiFt in  the muonic 2 p l s  t ransi t ion 
between ~n~~ and ~ n ~ ~ .  
The experiment was conducted a t  the  NASA Space Radiation Effects 
Laboratory and proceeded i n  two par ts .  F i r s t ,  we searched fo r  the  
2si-2p t rans i t ions  by looking fo r  x rays i n  the  region 20 t o  60 keV v i t h  
a s.iliesm detector of' 0.7 keV resolution (FWHP/I). The ta rge ts  were rmde 
up from 60 crams of ~n~~ and 100 grams of ~n~~ i n  t he  form of oxides; 
each t a rge t  was a t  l e a s t  98% isotopical ly  pure. A spectrum f o r  the  sum 
of the  ~n~~ and ~n~~ x rays i n  t h i s  energy range i s  given i n  Fig. 2 .  
i n  which we can see x-ray l i nes  from t rans i t ions  i n  both zinc and oxygen 
present i n  t h e  ZnO ta rge t  compound. The pr incipal  2s 1 1 2 + ~ ~ 3 / 2  
2slI2+2pll2 x rays a r e  predicted i n  our analysis,  whfch is  described 
below, t o  have an energy of 37.5 and 44.7 keV, respectively. The 
2s1/2+2p3/2 x ray is  obscured by the  37.7 keV L t r ans i t i on  i n  oxygen, Y 
however, there  is no s t a t i s t i c a l l y  s ign i f ican t  peak where t h e  2s1,2+2p112 
is expected. The y ie ld  of t he  2s+2p x rays i n  zinc is  unknown, but,  from 
t h i s  data,  we estimate t he  y ie ld  t o  be l e s s  than 0.04 per cascading muon. 
The 2s+2p x ray has been observed i n  higher Z isotopes t o  have a y i e ld  
of approximately 0.02 per cascading muon.' Be then proceeded t o  measure 
the 2 p l s  t r ans i t i on  energies so t h a t  we could determine the charge 
rar21:ls of the  ~n~~ nucleus and compute t h e  2s-1s energy difference. 
With t h i s  energy difference,  w e  could then use the theory of Henley 
and Wilets t o  calculate the  expected r e l a t i ve  y ie ld  of the  s p l i t  2s+2p 
x rays and establ ish whether o r  not a measurement of %he s p l i t t i n g  would 
be feasible .  
The experimental arrangement f o r  measuring the  2 p l s  x-ray 
energies w a s  s imilar  t o  one which has been described f o r  a pionic 
x-ray measurement.' To f ind the isotope s h i f t ,  t he  2 p l s  x-ray - 
energies i n  both ~n~~ and 2n6* were measured. The l i n e a r i t y  of t he  
pulse analysis system was checked with nuclear gammas of known 
energy, and t h e  gammas i n  t he  region of i n t e r e s t  a re  given i n  Table I. 
The t o t a l  spectrum f o r  znG6 and ~n~~ i s  shown i n  Fig. 3 with Gaussian 
curves which were used t o  f i t  the  peak i n  t h e  centroid determination. 
The x-ray energies are  given i n  Table 11; the  la rges t  contribution 
t o  t he  e r ro r s  was an uncertainty of 20.30 keV i n  t he  l i nea r i t y .  Our 
r e su l t s  a re  i n  agreement with NaI measurements of t he  x rays from 
natural  zinc which range from 1589.9 + 4.5 to 1.614.6 1 6.2 keV where 
the  numbers represent an average of t h e  Zpl/2+ls 1/2 and 
x-ray energies since the  2p s p l i t t i n g  was not resolved. 6 
~ / 2 - ~ ~ 1 / 2  
Henley and Wilets suggested t h a t  muons be used t o  measure the  
matrix element H 1  f o r  t he  Coulomb exci ta t ion from ~n~~ ground s t a t e  
4- 
a t o  t he  0 excited s t a t e  6 The coulomb in te rac t ion  between the  
muon and the  nucleus causes a s p l i t t i n g  i n  t h e  2s l eve l  of energy 26 
where 
and 
A = E  2s,a - Els , B  
To f ind  HI, one must measure E and A . In  terms of measurable 
quant i t i es ,  H' i s  given by 
where P i s  the  r a t i o  of t he  population of the  muons i n  t he  two 2s 
leve ls .  The e f f ec t  of the  dynamic interact ion is  t o  produce two s e t s  
of two l i n e s  each instead of t he  2s1/2+2p3/2 and 2sl12+2pl,2 l i n e s  
seen h e n  t h e  interact ion i s  not present, and H1 is  found by measur- 
ing t he  s p l i t t i n g  and in tens i ty  r a t i o  of these two s e t s  of l ines .  
To determine the  s i ze  of t he  e f f ec t ,  we have measured the  rP-+1s x-ray 
energy and obtained a value f o r  A . Using Henley and 'lrliletls 
estimate f o r  H1  (2  k e ~ )  , we then calculate  E: and P from Eq. (1) 
and (3).  
A value for  A was found by using the  measured x-ray energies 
t o  f ind %he charge d i s t r ibu t ion .  We represented t he  charge dis t r ibu-  
t i o n  by a Femi function, 
where c is  the  half-density radius,  t = s(bln3)  is the skin thick- 
ness and p is  a normalization f ac to r -  Analysis of higher Z nuclei  
0 
have shown t h a t  charge dis t r ibut ions  represented by a F e d  function 
y i e ld  t he  correct  i s ,  2s and 2p binding energies .2 Sett ing t = 2.35 F 
7 (an average value fo r  nuclei i n  our range of atomic number ), we found 
c = 4.423 F from the x-ray data and used t h i s  charge dis t r ibut ion t o  
compute the  binding of a muon i n  a 2s s t a t e  ( E ~ , , ~ ) .  The r e su l t  was 
not s ign i f ican t ly  affected by changes of 10% i n  the value of t which 
was used i n  the  calculation of c . T?e then assumed the bind.ng energy 
of a 1s muon with the  nucleus i n  t h e  excited s t a t e  13 is  equal, with 
an uncertainty of 1 keV, t o  the  energy we measured fo r  t he  binding 
of a Is muon with the  nucleus i n  t h e  ground s t a t e  a . The 2s-1s 
energy difference was found t o  be 1635.7 rt 1.1 keV. Our calculation 
included corrections due t o  vacuum polar izat ion and t h e  Lamb s h i f t ,  
but did not include the nuclear polar izat ion which is  expected t o  be 
E 8 I small ( l e s s  than 1 keV ) The calculated t r ans i t i on  energies a r e  
given i n  Table 11. A recent measurement by Carter, Hamilton, 
Ramayya and Pinaj ian of 2n6 nuclear exci ta t ion energies gives 
+ 1655.7 rt 1.0 keV fo r  the  0 l eve l  .9 Be then a r r ive  a t  a value f o r  
A of -20.0 h 1.5 keV. 
From Eqs. (1)  and ( 3 ) ,  we f ind  E: = 10.2 keV and P = 101. With 
o w  upper l i m i t  f o r  t he  2s+2p y ie ld  of 0.04, we conclude t h a t  the  
low-intensity components of the  2s+2p t rans i t ion ,  which must be seen, 
w i l l  have a y i e l d  of l e s s  than 4 X per cascading muon. With 
present beam in t ens i t i e s ,  t h i s  t r ans i t i on  would be d i f f i cu l t  t o  observe. 
4. Zn66 - ~n~~ ISOTOPE SHIFT 
We in te rpre t  t he  isotope s h i f t  i n  the  manner described by 
~hr1 ich . l '  The s h i f t  due t o  nuclear r eco i l  (0.08 k e ~ )  i s  added 
t o  the  isotope s h i f t  t o  obtain a volume s h i r t  of 2.01 e 0.36 keV 
for  the  Kal l i n e .  The volume s h i f t  i s  then expressed as  6R/6R 
s t d  
where R2 = 5cr2>/3 and 6R = R(A*) - R ( A ~ ) ,  6RStd/R = ( A ~  1 / 3  - 
A . To f ind  6R, we s e t  the  shin thickness t equal t o  
2.35 F and held it constant while c is  varied t o  obtain ( a ~ / a R )  t 4  
Defining 
6Rt = 6E / ( a ~ / a ~ ) ~  
where 6E is the  isotope s h i f t ,  we compute 6R / 6 ~ ~ ~ ~  = 0.47 k 0.08 . t 
Including a model-dependent uncertainty of rt 0.08 due t o  variations 
i n  t he  skin thickness as calculated by Ehrlich, we f ind f o r  the 
isotope s h i f t  
6R/6Rst, = 0.47 e 0.11 . 
This r e su l t  can be compared t o  isotope s h i f t s  measured by Ehrliqh f o r  
elements of neighboring Z where he found 0.60 for  the  s h i f t  i n  
cu6 - cu6 and 0.55 for  FJi60 - ~i~~ . Consequently we a re  unable 
t o  detect  a var ia t ion i n  the  isotope s h i f t  f o r  isotopes i n  t h i s  
range of Z . 
5. CONCLUSION 
We have measured the  charge radius of Zn6* and, from t h i s ,  
we have derived the 2s-1s muonic energy difference.  The difference 
+ is  compared t o  the  Q nuclear excitation of zn6* and found t o  be 
20.0 + 1.0 lceV too ~ ; 3 . l l ,  thus inhibi t ing the  dynmic interact ion 
dsicribed by Henley and FJilets. Instead of measuring the in tens i ty  
r a t i o s  of the 2s+2p x rays, the  dynamic interact ion could be measured 
by determining A as we have done and then f ind  E by looking f o r  an 
energy s h i f t  i n  the  pr incipal  pa i r  of 2s+2p x rays. A s h i f t  of 
0.2 keV is  predicted from our analysis and would be barely observable 
with present-day techniques. Also, other corrections such as nuclear 
go?-arizatiol woxld then become important. A s  a r e su l t ,  the interact ion 
i s  d i f f i c u l t  t o  observe i n  zn6* under present experimental condftions. 
+ To see the 0 nuclear exci ta t ion i n  muonic atoms, other nuclei ,  such 
as ~ r * ~  a l so  suggested by Henley and t l i l e t s  , should be examined. 
OUT measurement of the  isotope s h i f t  i s  consistent with the  
s h i f t  observed i n  other isotopes with Z s 30. 
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Table I. Calibration sowces.  The energies are  t&en from 
Ref, 4 except for  ~i~ from Ref. 5 ,  
Source Energy (ke~) 
1592.46 + 0.10 
(double escape) 
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FIGURE LEENDS 
Fig. 1. Effect  of t h e  dynamic interact ion on the  2s muonic leve l .  
The dynamic in te rac t ion  s p l i t s  t he  2s l eve l  i n t o  the  two 
leve ls  shown by dashed l i ne s .  The s p l i t t i n g  of the  
2p3/* - 2plI2 leve ls  i s  7 keV. 
Fig. 2. Sum of the  muonic x-ray spectra  f o r  ~n~~ and 2n6* . The 
pr inc ipa l  t r ans i t i ons  i n  t h e  spectrum are  i den t i f i ed  and 
t h e  expected posi t ion of t he  2s l/2+2p11/2 t r a n s i t i o n  is 
indicated . 
Fig. 3. The -1s t r ans i t i ons  f o r  muons i n  ~n~~ and zn6* . The 
s o l i d  l i n e  represents t he  shape of t he  curve which was used 
i n  t he  centroid determination. 
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